Abstract: Air vessels offer an effective means of reducing water hammer overpressures and negative pressures due to pump trip in pipelines. The process of sizing air vessels is simplified with the nomographs presented. Both air volume and total vessel size are calculated. The size can be minimized by correct selection of outlet and inlet connector diameter, and guides are provided to make these selections.
Introduction
Water hammer following the tripping of pumps can lead to overpressures, which may either require excessive pipe wall thickness or some form of water hammer protection. The most appropriate type of water hammer protection depends on the pipeline profile as well as the flow characteristics of the pipeline. Low head lines can be protected with surge shafts or one-way discharge tanks or even nonreturn valves if negative pressures are tolerable. However, the most effective way of preventing negative pressures and also for reducing overpressures is the use of compressed air vessels ͑also known as air chambers, pressurized surge tanks, pneumatic tanks, or accumulators͒.
Water hammer following pump trip is usually most severe in the case of lines of low frictional resistance. Pump trip is practically instantaneous, especially for lines where the pump rotational inertia is negligible, which is often the case. Another form of water hammer, due to closure of a valve at the discharge end, is usually less severe as valves take many minutes to close, thereby reducing water hammer overpressures. The buildup in pressure energy is less severe as the surge wave is spread over a longer time period.
Pump trip can also cause water column separation due to negative pressures. The initial wave is a negative or reduced pressure wave, which travels from the pump end toward the discharge or reservoir end, and returns as a positive pressure wave.
The negative pressure wave can cause vaporization of the water ͑or other liquid͒ in the pipe as the pressure drops below atmospheric to vapor pressure, which is about 8 m below atmospheric for water, ͓i.e., 2 m above absolute zero pressure for typical water temperatures ͑i.e., 20°C͒, which also allows for some gases to escape from solution͔. Water column separation results in oscillating water columns, and subsequent rejoining of the water columns following collapse of the vapor-air mixture back into solution can lead to overpressures. Pipelines with numerous joints could also be adversely affected by negative pressures as the jointing rings, which may be designed to withstand positive internal pressures, may not necessarily be able to withstand the negative pressures ͑wherein the atmospheric pressure outside could push the ring into the pipe͒. The V-shaped rubber seal used on compression joints is one such example. Pressure difference plus movement of the pipe due to temperature or stressing can cause joint leakage. The drop in pressure can also cause air to effervesce or emerge from solution and collect on the soffit or crown of the pipe. Bubbles may subsequently travel up the pipe and cause shock waves, especially on compression, when the water columns oscillate on each side of the air pocket, or when it escapes from air valves or joints ͑Stephenson 1997͒.
Air vessels generally alleviate negative pressures more effectively than other forms of water hammer protection, and they can maintain a positive pressure in the line at all stages following pump trip. This is accomplished by forcing water out of the vessel into the cavity, otherwise created following pump trip or flow stoppage at the upstream end. The compressed air forces water from the air vessel into the pipeline, allowing the water column traveling up the pipeline to maintain its momentum. Friction and other head losses tend to reduce the water velocity and therefore the subsequent oscillations. Thus, some degree of flow throttling is often used in conjunction with the cushioning effect of air vessels. In particular, throttling of the outflow from the vessel may assist in reducing the water velocities more rapidly than a pure cushioning air vessel ͑see Graze and Horlacher 1989͒. However, it is more common to throttle the return flow back into the vessel than it is to throttle the outflow ͑see Fig. 1͒ . In this manner, a continuous deceleration of the returning water column occurs rather than only at the end of the gas compression cycle.
In fact, if the air ͑or other gas͒ is used primarily as a cushion, it will only be on the return flow back into the air vessel that the overpressures are cushioned. The damping effect could be negligible if there were no throttling or line friction, resulting in a large reverse flow into the vessel and subsequent overpressures.
It is generally good practice to install a nonreturn or check valve immediately downstream of the pumps ͑i.e., between the pumps and air vessel͒ to prevent flow backward through the pumps. This is the situation assumed in the analysis herein. Note that compressed air vessels must be designed and manufactured to rigid quality standards, as burst vessels containing air are much more dangerous than those containing only liquid. Air expands with explosive force, whereas water pressure drops as soon as there is a leak.
Water Hammer Analysis
There are computer programs available for analyzing pipeline systems with and without water hammer protection. These programs are almost a prerequisite nowadays to obtain fast and accurate answers and to optimize the sizing of water hammer protection systems. However, engineering intuition and simple design guides are still of great practical use in selecting the correct form of water hammer protection, if required, as well as for the initial sizing and planning of the throttling system, if installed. Simple nomographs are also useful to inexperienced engineers who may otherwise spend unnecessary time operating computer programs, obtaining an acceptable protection system by trial and error.
The number of variables required for accurate analysis can be large and some of the variables may have a lesser effect on the answers than others. The elastic equations of motion require numerical forms and finite difference subdivision of the pipeline in order to compute the head changes at points along the line. Numerical analysis can account for line friction, column separation or vaporization, changes in diameter and water hammer wave celerity, air valves and pump rotational inertia, as well as various protection systems. Kinno ͑1968͒ showed the effect of pump inertia. Vacuum relief valves can also be judicially utilized to alleviate negative pressures caused by water hammer but indiscriminate use can increase shock pressures ͑e.g., Stephenson 1997͒. Because of the large number of variables involved, it is not easy to generalize the results of such analyses and the analyst must undertake a number of laborious reanalyses before achieving a satisfactory design.
A simple form of analysis is available in the form of the differential equations of motion for incompressible flow. Whereas pump trip in an unprotected pipeline results in a rapid drop in pressure and an elastic wave traveling up and down the pipeline, in the case of a protected pipeline, such as with an air vessel, the decelerations and accelerations are slower. Therefore incompressible flow or surge theory is sometimes sufficient for the analysis. The number of variables is considerably reduced and a more general analysis may be done in dimensionless form in order to provide quick estimate nomographs.
Air Vessel Sizing
The incompressible flow differential equations of motion were analyzed for a number of cases in order to obtain a generalized air vessel volume as a function of the minimum relative head at the pumping station. Fig. 2 shows the nomenclature and minimum and maximum head envelope for a generalized pipeline.
Using the results of the analyses, summarized in Fig. 3 , the minimum head can be calculated as a function of the initial pumping head.
The symbols are as follows: SЈϭdimensionless gas volume S 0 gH 0 /ALV 0 2 ; Sϭair vessel volumeϭS 0 ϩS w ; S 0 ϭgas volume at steady state operating pressure; S w ϭvolume of water in vessel 2 /2gh, where h is the head difference across the water column. The accompanying chart ͑Fig. 4͒ presents the dimensionless air volume and expanded air volume ͑i.e., air vessel volume for different desired relative minimum head requirements at the pump station͒. The values calculated for plotting the line from the incompressible flow theory are indicated as squares, whereas the crosses indicate values obtained from a full elastic analysis. The elastic analysis was performed by computer simulation using finite differences ͑Stephenson 1966͒, which accounts for elastic wave celerity. However, the more sophisticated analysis results agreed remarkably with the simple analysis hereunder.
Incompressible flow theory suggests the following relationship between decelerating head on a water column and the rate of deceleration:
which may be integrated to obtain the maximum cavity volume remaining upstream before the water column reverses, i.e.,
where S w ϭvolume of water the air vessel would force into the pipeline behind the water column, Aϭcross-sectional area of the pipe, Lϭits length, V 0 ϭinitial water velocity, gϭgravitational acceleration, and hϭaverage decelerating head (h min /2). For rapid expansion ͑small air vessels͒, the gas expansion law may be adiabatic ͑i.e., no heat loss͒, but for slower expansion there may be heat loss and the temperature is nearer constant ͑i.e., isothermal͒ ͑Graze and Horlacher 1986͒. From Boyle's law for isothermal gas expansion in the air vessel
where H 0 ϭinitial head ͑absolute͒ on the gas with volume S 0 and h min ϭmost severe drop in pressure head of the gas in the vessel. Solving for S 0 and substituting for S w
which is plotted as squares in Fig. 4 ͑initial air volume, incompressible liquid͒. That is, the line gives dimensionless gas volume as a function of relative minimum head at the pump station. Also plotted are points from various full elastic water hammer analyses. The upper line is a plot of dimensionless total vessel volume, i.e.,
obtained from Boyle's law, Eq. ͑3͒.
No outlet throttling or line friction was considered in the cal- culations, and the air expansion was assumed to be isothermal, whereas for small vessels it is nearer adiabatic. Therefore, the more general expansion equation is
where Pϭpressure, and k is between 1.0 ͑isothermal͒ and 1.4 ͑adiabatic͒. As a first approximation, isothermal conditions were assumed, although the results are not highly sensitive to the assumed value of k.
Outlet and Inlet Pipe Sizes Outlet
The outlet pipe from an air vessel can be throttled to reduce the outflow volume and to more rapidly decelerate the water column in the pipeline. The outflow from the vessel is out of phase with the minimum pressure ͑Fig. 5͒, so the maxima of the two pressure drops ͑air expansion and outflow head loss͒ cannot be summated.
The maximum rate of outflow occurs immediately after pump trip, when the air in the vessel is still at operating pressure. Then, before any deceleration of the water column has occurred, the head loss into the main is
and since from continuity
where Kϭloss coefficient accounting for entrance contraction and expansion losses plus pipework losses, and is typically 2.0. V ϭvelocity, with subscript e referring to the exit pipe, p to the main pipe, and Dϭinternal diameter of the respective pipe. The permissible head drop in the main pipe should be less than the static head H 0 , and often only a small fraction of H 0 to avoid negative heads further along the line. The actual permissible head drop should be determined from the pipeline profile. Typically, the head sag curve is convex down and the pipeline profile convex up, so a head loss of H 0 /2 is more typical. Then solving for
Generally, it will be found that the exit diameter D e ϭ0.25-0.5 times the pipe diameter D p , e.g.,
This value is probably a lower limit for outlet pipe size as generally minimum heads along the line are critical so the outlet should be bigger. The value is not as critical as the inlet diameter. To avoid abrasive damage to the air vessel connector, V e should be less than approximately 10 m/s. An example is appended illustrating the calculations.
Inlet
The return surge ͑i.e., the reversal of the water column in the main͒ compresses the air in the air vessel, gradually decelerating the water column. The maximum compression of the air, which coincides with the maximum pressure in the pipeline, occurs when the water column has stopped. On the other hand, the maximum head loss into the air vessel occurs when the water column is at maximum velocity ͑i.e., it is out of phase with gas compression͒, so it can be designed to be a maximum, subject to not exceeding the gas compression head. This head loss can be further utilized to decelerate the water column, requiring less air to cushion the surge at its furthest extent.
It has been found that the inlet to the air vessel can be relatively small, as most of the water column's energy is expended in outlet and line losses, and overpressures are typically not as problematic as negative pressures. Stephenson ͑1989͒ suggested an inlet size 1/10 of the main diameter, and Parmakian ͑1963͒ suggested an inlet head loss 2.5 times the outlet head loss. Thorley ͑1991͒ used Graze and Horlacher's results to plot results of various inlet sizes.
As a general rule, additional air vessel volume is not needed if the vessel is greater than two times the air volume, as the pressure is then halved and reverse flow is likely.
For example, a simplistic calculation of inlet diameter can be made assuming the air volume at full expansion is twice the operating volume and the velocity attenuation in the outflow is due to the head loss.
From
since the average decelerating head would be h min /2. The time T over which the deceleration occurs is related to the air expansion volume. If
then
where Sϭair volume, S 0 ϭinitial volume, and Q 0 ϭinitial flow rate. During this time, dVϭgh min 2S 0 /Q 0 L. So maximum return velocity in the main is
And limiting the maximum head rise to 0.1H 0 for this example 
or if h max is a variable,
which is plotted in Fig. 6 .
Low Head Systems
A problem with air vessels is that air slowly dissolves into the water with which it is in contact, particularly when under pressure. Therefore, a topup compressor is needed with upper and lower limit switches to maintain a relatively constant water level under operating conditions. A further problem is the initial filling of the air vessel. The volume of air at standard atmospheric pressure may not be sufficient to provide the necessary volume under pressure. To solve this problem, the vessel can be built larger than necessary, or it can be topped up with the compressor.
Bladder air vessels are a popular solution to this problem ͑Charlatte 1997͒. Air is contained in an airtight bladder in the vessel, which expands as the air expands. Although the bladder may eventually need replacing, it saves compressor costs, and maintenance thereof. Bladder air vessels are particularly valuable for remote locations since they require little maintenance.
Another possibility exists for low heads systems where negative pressures are tolerable. A nonreturn valve on the top of the vessel can suck air into the vessel under vacuum following pump trip and the air is subsequently compressed when the water column returns ͑Fig. 7͒. If necessary, a chimney can be used to rise above the minimum head level. This is referred to as a selfcharging air vessel.
Conclusions
Air vessels are a convenient means of protecting pipelines against water hammer. Based on the graphs herein, an engineer can select the air vessel size, and inlet and outlet diameters. A decision can be made on the tolerable overpressure and underpressure along the pipeline, and the corresponding air volume required to cushion the water hammer caused by pump trip. The simple design graph enables the air vessel to be sized once the minimum and maximum tolerable heads have been decided. Furthermore, the outlet and inlet diameters can be optimized to minimize the air vessel size.
A final computer simulation is advisable to study the interrelated effects of line friction, pump rotational inertia and changes in diameter, drawoff, and other factors. However, without direct design guides, such as presented here, the trial and error design process could prove cumbersome.
Appendix: Example
A pumping pipeline, 900 mm in diameter, 18,000 m long, with a static head of 410 m, conveys water at an initial velocity of 1.4 m/s. The air vessel characteristics are calculated below to limit minimum head to 40% of the static head, and maximum to 40% above static, neglecting friction.
From Fig. 3 , SЈϭ1.0ϭS 0 gH 0 /ALV o 2 . Therefore, air volume S 0 ϭ1ϫ0.785ϫ0.9 2 ϫ18,000ϫ1.4 2 /9.8ϫ410ϭ5.6 m 3 of air. From Fig. 4 
